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Transporter; ’ successfully constructed the Slcolb2 knockout (KO) rat model via using the CRISPR/Cas9 technology
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for the first time. The novel rat model showed the absence of OATP1B2 protein expression, with no off-

target effects as well as compensatory regulation of other transporters. Further pharmacokinetic study of
pitavastatin, a typical substrate of OATP1B2, confirmed the OATP1B2 function was absent. Since bili-
rubin and bile acids are the substrates of OATP1B2, the contents of total bilirubin, direct bilirubin, indi-
rect bilirubin, and total bile acids in serum are significantly higher in Slco/b2 KO rats than the data of
wild-type rats. These results are consistent with the symptoms caused by the absence of OATP1B1/3 in
Rotor syndrome. Therefore, this rat model is not only a powerful tool for the study of OATP1B2-mediated
drug transportation, but also a good disease model to study hyperbilirubinemia-related diseases.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Organic anion transporting polypeptides (OATPs), a family of
12 transmembrane domain glycoproteins, belong to the solute
carrier (SLC) family, and transport important endogenous and
exogenous substrates into cells'. The human OATP superfamily
consists of 11 transporters subdivided into six families
(OATP1—6), in which the OATPIB plays a crucial role’. The
human OATP1B subfamily contains two members, OATP1BI1
and OATPIB3, which are encoded by the SLCOIBI and
SLCOIB3 genes, respectively. The two proteins are not only
mainly expressed in the sinusoidal membrane of the liver, but
also are found in some tumor tissues’ . The substrates of
OATP1B1 and OATPIB3 cover a wide range, including
endogenous substances such as bilirubin, bile acids and steroid
hormones, as well as clinically used drugs like angiotensin II
receptor blockers (sartans), hydroxymethylglutaryl (HMG)-
CoA reductase inhibitors (statins), anticancer drugs (paclitaxel)
and so on® %,

Since most drugs are metabolized by hepatocytes, the he-
patic uptake rate mediated by OATP1B1/3 is a determinant of
total clearance’. Inhibition of the activities of OATP1B1/3 can
alter the systemic drug exposure and lead to serious adverse
reactions'”. Several clinical drug—drug interaction (DDI) cases
of cyclosporine combined with statins were reported, as
cyclosporine inhibited the activities of OATP1B1/3 and resul-
ted in severe muscular toxicity of statins''. The U.S. Food and
Drug Administration (FDA) guidelines for “in vitro meta-
bolism- and transporter-mediated drug—drug interaction
studies” also point out that DDI potentials mediated by
OATP1B1 and OATP1B3 must be considered in the develop-
ment of novel drugs'z. On the other hand, the activities of
OATP1B1 and OATP1B3 are closely related to human health.
For example, the biotransformation of bilirubin, the substrate
of OATP1B1/3, depends on the function of OATP1B1/3
in vivo®. If the function of two transporters is decreased or lost,
the concentration of bilirubin in the blood will increase and
lead to hyperbilirubinemia'’. Rotor syndrome is an autosomal
recessive inheritance of hyperbilirubinemia, caused an increase
in conjugated bilirubin, which is due to the loss of activity of
OATP1B1/3".

Human OATP1B1 and OATP1B3 also play significant roles in
the progression of tumors like prostate cancer. One study showed
that the uptake capacity of androgen in prostate cancer cells

correlated with the activities of OATP1B1 and OATP1B3, and
overexpressing OATP1B1 and OATP1B3 could increase cell
viability'>. In clinical surveillance, patients with the loss-of-
function SLCO1B3 334GG/699AA haplotype showed longer me-
dian survival and improved 10-year survival rate'®. At the same
time, SLCOIB3 may determine the progression time of the pa-
tients receiving androgen deprivation therapy for prostate can-
cer'’. Therefore, OATP1B3 is a potential target for prostate cancer
treatment, but there are no sufficient relevant studies at present.
Thus, it is important to develop useful methods to study the
functions of OATP1B1 and OATP1B3 in pathology and clinical
medicine'®.

Knockout (KO) animal models lacking the key transporters are
specific and fit for preclinical studies, especially pharmacological
research'”. OATP1B2 (also named SLCO1B2 or LST-1), encoded
by the Sicolb2 gene, has been identified in mice and rats, which is
the closest ortholog of human OATPIBI1 and OATP1B3?°. The
Slcolb2 KO mouse model was generated in 2008 by homologous
recombination®"*?. In pharmacokinetic experiments, however, rats
have many advantages that make them superior to mice, such as
enough blood volume, strong tolerance and large sample size. In
particular, rats are the preferred animal model to carry out
hyperbilirubinemia research®**. Therefore, we want to generate a
Slcolb2 KO rat model.

Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein-9 nuclease (Cas9) tech-
nology as the third generation of gene editing technology after
zinc-finger nucleases (ZFN) and transcription activator-like
effector nuclease (TALEN), presents distinct advantages in edit-
ing multiple genes simultaneously in the same cell”. Tts core
component is Cas9 protein, which combines mature CRISPR
RNA (crRNA) to recognize and cleave exogenous nucleic acid
molecules”®”’. The cleavage of the target gene will cause double-
strand breaks, and then initiate the repair method of non-
homologous terminal conjugation, which will result in deletion,
replacement or insertion mutations of cleavage sites, thus com-
plete gene editing”. Currently, CRISPR/Cas9 system has been
identified as one breakthrough technology in the biomedical
research™.

In this study, we knocked out the Slcolb2 gene in rats by using
the CRISPR/Cas9 system, and successfully obtained the Slcolb2
KO rat model. This model can be applied to pharmacokinetics
studies. At the same time, the model can be used as a disease
model of hyperbilirubinemia—Rotor syndrome.
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2. Materials and methods

2.1.  Animals

Male and female Sprague—Dawley (SD) rats were purchased from
National Rodent Laboratory Animal Resources (Shanghai, China).
Animals were fed in a barrier free of specific pathogens and
allowed to eat and drink freely. The barrier was a temperature and
humidity controlled environment with 12-h light/dark cycles. All
the animal experiment protocols in this study were approved by
the Ethics Committee on Animal Experimentation of East China
Normal University (Shanghai, China).

2.2.  Chemicals and reagents

The oligos (60 bp, containing Slcolb2 knock out target-site) and
all primers for PCR/Q-PCR were synthesized by Biosune
Biotechnology Co., Ltd. (Shanghai, China). KOD-plus-Neo po-
lymerase was purchased from Toyobo (Osaka, Japan). SYBR
Premix Ex Taq and Prime Script RT Reagent Kit were bought
from Takara (Dalian, China). T7 endonuclease I (T7E I) was
purchased from New England Biolabs (Ipswich, MA, USA).
Phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) was purchased
from Amresco (Cleveland, OH, USA). Bicinchoninic acid kit was
purchased from Thermo Scientific (Waltham, MA, USA). The
agarose gel recovery kit was bought from Generay Biotech Co.,
Ltd. (Shanghai, China). A primary antibody for OATP1B2 was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was purchased from Abcam (Cambridge, UK). The fluorescence-
conjugated secondary antibody to rabbit IgG and mouse IgG were
bought from Cell Signaling Technology (Boston, MA, USA).
Pitavastatin was obtained from MedChemExpress (Monmouth
Junction, NJ, USA).

2.3. Target-site selection

The Slcolb2 gene sequence of Rattus norvegicus (Norway rat)
was obtained from NCBI (https://www.ncbi.nlm.nih.gov/pmc/),
and exon regions were sequentially labeled (from 1st to 15th). In
order to completely knock out the target gene, the selected target
is at the first exon of the rat Sicolb2 gene. The first exon sequence
was input into the online website (https://benchling.com/) to
obtain an 18 bp target sequence followed by a protospacer adja-
cent motif (PAM) site (5-NGG-3') in the 3’ end. The target
sequence is 5'-GCAAACAAGGTTCTGCGA-3'. PAM site is
TGG.

2.4.  Invitro single guide RNA (sgRNA) template synthesis and
transcription

The 60 bp oligo fragment containing the T7 promoter and 18 bp
target sequence (5-GATCACTAATACGACTCACTATAGGGCA
AACAAGGTTCTGCGAGTTTTAGAGCTAGAAAT-3') was syn-
thesized by Biosune Biotechnology Co., Ltd. (Shanghai, China).
Using this product, the sgRNA double-stranded template was
synthesized by overlapping PCR using KOD-plus-neo polymer-
ase, and then transcribed by the T7 transcription kit. The sgRNA
of Slcolb2 gene was extracted and purified by phenol/chloroform
method, and then stored in —80 °C refrigerator for later
experimentation.

2.5.  Embryo microinjection

First, healthy adult male rats (over 8 weeks old) were sterilized
and caged with healthy adult female rats (over 8 weeks old). The
female rats with vaginal suppositories were used as pseudo-
pregnant rats for subsequent experiments. Then, the normal adult
female rats were injected with pregnant mare serum gonadotropin
(PMSG) and human chorionic gonadotropin (HCG) for super-
ovulation and then mated and conceived. Female rats that had
been mated successfully were sacrificed, and the embryos were
taken out and cultured in culture medium for 2 h in a 37 °C, 5%
CO; incubator. Finally, the sgRNA template (25 ng/uL) and Cas9
mRNA (50 ng/pL) were co-injected into the cytoplasm of the
embryos by microinjection technique. The concentration ratio of
sgRNA to Cas9 mRNA was 1:2. After several hours of culture, the
surviving embryos were transplanted into the fallopian tube of the
pseudo-pregnant rats. The pseudo-pregnant rats were returned to
the cage for normal feeding.

2.6.  Genotype identification

2.6.1. Genotype identification of FO offspring rats

The newborn rats were cut the toes and randomly numbered when
they grew to a week or so. The genomic DNA was extracted by
phenol/chloroform method, and specifically amplified 600 bp se-
quences flanking the target site by the primers of Slcolb2 (Table 1)
with Easy-Taq DNA polymerase. Gradient annealing of 10 uL. PCR
product was carried out under the condition that 95 °C was main-
tained for 5 min, and each cycle decreased by 1 °C for 60 cycles,
each cycle lasted for 30 s. The annealed products were digested in
37 °C incubator for 30 min using 0.1 pL T7 endonuclease I (T7E I).
T7E 1 could recognize and cleave the mismatched bases with
insertion or deletion mutations, and then multiple bands can be seen
when electrophoresed on a 1.5% agarose gel. The positive PCR
products (showed multiple bands) were recovered and purified by
the agarose gel recovery kit and ligated into pMD18-T vector ac-
cording to the TA cloning kit, and then the clones were sequenced
to determine the accurate gene editing results. Although the clones
tested can only reflect part of the genetic editing in the rat genome,
we mainly use them as a reference to select the rats needed for
subsequent experiments. The mutation is available only if there
were insertion or deletion of non-three-integer multiple bases
occurred on the exon. In addition, in order to simplify future
sequence analysis, gene editing with replacement mutations or
confusion of sequencing maps was discarded.

2.6.2.  Genotype identification of F1 and F2 offspring rats

The FO offspring, carrying the available mutations, were caged
with wild type (WT) rats and the progeny obtained were F1
generation. The genomic DNA of F1 rats was sequenced and
analyzed. The healthy adult F1 male and female rats with the same
mutation were selected for mating and breeding to obtain F2
generation. The genomic DNA of F2 rats were performed by PCR
amplified sequences flanking the target site, and data was analyzed
by DNAman (Lynnon Biosoft, San Ramon, CA, USA).

2.7.  Off-target site detection

The Slcolb2 gene target sequence was input into the online target
prediction website (https://benchling.com/) to obtain potential off-
target sites. Three sites (Table 2), with a relative high probability
of off-target (score>2.0) were selected, and 300 bp sequences of
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Table 1  Primers accurate information for target and off-target sites.

Primer name Primer sequence (5'—3')

Product length (bp) Temperature (°C)

Slcolb2-genotyping-S CAGGGTAGACGACCATT
Slcolb2-genotyping-A CTTTCTGCCAGGTGTTTT
Slcolb2-off 1-S TTGACCATCACAACGGAATC

Slcolb2-off 1-A
Slcolb2-off 2-S
Slcolb2-off 2-A
Slcolb2-off 3-S
Slcolb2-off 3-A

TGTGGGGCCAGAGGACAG

GGGGAACCAAGATGTGAA

CTGGGTGAATGAACTACTTGC

AGTTGGATGAAGATGAGGACTG

631 56
475 60
445 62
410 60

GAGCAAATAAGAAAGTCAGGAA

upstream and downstream potential sites were found in NCBI
(https://www.ncbi.nlm.nih.gov/pmc/), respectively. Based on the
above sequences, primers (Table 1) for PCR were designed using
Primer Premier. Three genome of KO rats were randomly selected
to amplify the potential off-target sites using the primers in
Table 1 and Easy-Taq DNA polymerase. The products were
digested with T7E I and then performed by agarose gel electro-
phoresis (As described in Section 2.6.1). If there is off-target ef-
fect, two bands appear after electrophoresis.

2.8.  Detection of protein OATP1B2 expression

Since OATP1B2 is almost specifically expressed in the liver
except in some tumor tissues, the expression of OATP1B2 in the
livers of WT and KO rats was detected by Western blot and
immunohistochemistry, respectively. Rats (8 weeks old) were
killed by CO, asphyxiation and the livers were carefully separated
and frozen in —80 °C for further processing.

2.8.1.  Western blot analysis

Every unit of liver (0.1 g) was added with 400 pL lysate, con-
taining RIPA, protease inhibitor, phosphatase inhibitor and phe-
nylmethanesulfonyl fluoride. The sample was homogenized by
Automatic Sample Rapid Grinding Instrument (JXFSTPRP-24,
shanghai, China) and pyrolyzed at 4 °C for 2 h to extract total
protein. Protein concentration was detected by using the Bicin-
choninic acid Kit. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed with 60 ng protein
sample per well, and then the protein was transferred to a nitro-
cellulose (NC) membrane and blocked with 5% skim milk powder
in Tris-buffered saline Tween 20 (TBST) buffer for 1 h. After
incubation of primary antibody, mouse anti-OATPIB2 (sc-
376904, diluted 1:200) and rabbit anti-GAPDH (AB181602,
diluted 1:10,000) at 4 °C overnight, the anti-mouse/rabbit sec-
ondary antibody (diluted 1:10,000) were incubated for 1 h in the
dark, and the blots were scanned by Odyssey imager system
(LI—COR, Lincoln, NE, USA). The GAPDH was used as a
loading control.

Table 2  Details for potential off-target sites examined.

2.8.2.  Immunohistochemical analysis

The liver tissue was carefully cut into pieces
(1 ecm x 1 cm x 0.5 cm), soaked in 4% paraformaldehyde, and
completed the preparation according to the standard paraffin
section immunohistochemical process. The primary antibody,
mouse anti-OATP1B2 (sc-376904, diluted 1:100) was incubated at
4 °C overnight, and the secondary antibody used horseradish
peroxidase (HRP)-labeled goat anti-mouse IgG (GB23301, diluted
1:200) was incubated at room temperature for 50 min. Color was
developed using the immunohistochemistry kit 3,3-dia-
minobenzidine (DAB) chromogenic reagent, and the nucleus was
counterstained with hematoxylin.

2.9.  Detection of physiological condition

In order to detect whether the physiological condition changed in
the Sicolb2 KO rat, blood samples from WT and KO female and
male rats (4-week-old and 8-week-old) were taken by the tail vein,
and the serum physiological indexes were detected by ADICON
Clinical Laboratories (Shanghai, China). Liver function indicators
include total protein (TP), albumin (ALB), globulin (GLB), al-
bumin/globulin ratio (A/G), total bilirubin (TBL), direct bilirubin
(DBL), Indirect bilirubin (IBIL), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), aspartate aminotrans-
ferase/alanine aminotransferase (AST/ALT), alkaline phosphata-
se(ALP), vy-glutamyltranspeptidase (R-GT) and total bile acid
(TBA). Renal function indicators include blood urea nitrogen
(BUN), creatinine (CR), uric acid (UA). Blood lipid indexes
include triglyceride (TG), total cholesterol (T-CH), high density
lipoprotein cholesterol (HDL-C) and low density lipoprotein
cholesterol (LDL-C). Glucose (GLU), a commonly used indicator
of physiological status, was also detected. In addition, Haemo-
toxylin and Eosin (HE) staining according to standard procedures
was used to detect whether the liver was abnormal.

2.10.  Detection of compensatory effects

Total RNA in the livers of WT and KO rats were extracted using
the Trizol method according to the instructions. After measuring

Match name

Location

Spacer + PAM

Off-target score

Slcolb2-sgRNA
Slcolb2-off-1
Slcolb2-off-2
Slcolb2-off-3

Chr4-175819244
Chrl1-13544758
Chr14-3156777
Chr7-114058847

GCAAACAAGGTTCTGCGATGG 100.00
GCAAACAAGGTTCTGCGGTAG 19.60
GCAAACAGAGTTCTGCGAAGG 3.19
GGAGACAGGGTTCTGCGAGGG 2.67

Chr, chromosome.
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the concentration with nano-drop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), the RNA (total
2000 ng) was quantitatively reverse transcribed into cDNA using
the Takara RT kit (RR036A). The primary efflux and absorption
transporters were detected by real-time quantitative PCR was
performed using Quant Studio 3 Real-Time PCR System (Thermo
Fisher Scientific). The efflux transporters included Abccl, Abcc2,
Abcc3, Abcbla, Abcblb, Abcg2, Abcg5, Abcg8, and Abcbll,
while the absorbing transporters included Slcolb2, Slcolal,
Slco2al, Slcola2, Slco2bl, Slc22al, Slc22a3, Slc22a7, Slc22a8,
and Slc10al. Primers information is listed in the Supporting In-
formation Table S1. The $-actin was set as the internal reference.

2.11.  Pitavastatin pharmacokinetic studies in WT and KO rats

In order to determine whether the protein OATP1B2 lost its
function in KO rats, pitavastatin, recommended by FDA, was used
as the substrate of OATP1B2 to detect whether the pharmacoki-
netic behavior changed in 8-week-old KO male rats. Pitavastatin
powder was dissolved with 5% dimethyl sulfoxide (DMSO) and
95% methylcellulose (MC) as solvents. The dosage was 5 mg/kg
and the volume was 4 mL/kg, and the final concentration of pit-
avastatin was 1.25 mg/mL. The dosage was obtained according to
the clinical dosage and the predicted experimental results®’. After
fasting for 12 h, pitavastatin was given to rats intragastrically.
Blood samples were collected through tail vein at 0.17, 0.5, 1.0,
1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 12.0, and 24.0 h after administration.
Samples were centrifuged at 8000x g for 10 min, and the plasma
was collected and stored at —20 °C for subsequent experiments.

2.12.  Quantification of pitavastatin in plasma samples by
LC—MS/MS

Before quantification, the plasma samples were thawed at room
temperature and treated with liquid—liquid extraction. One hundred
microliter of each plasma sample was added with 10 pL. methanol,
10 pL of internal standard solution (IS, 100 ng/mL mebendazole in
acetonitrile) and 800 pL of ethyl acetate. The mixture was mixed
thoroughly and centrifuged at 14,000x g for 10 min. An aliquot of
600 pL upper organic layer was transferred to a new 1.5 mL tube
afterwards, and dried with a gentle flow of hot nitrogen. The residue
was then reconstituted with 100 pLL methanol/water (1:1, v/v) and
centrifuged at 14,000x g for 10 min. Finally 80 pL of supernatant
was used for LC—MS/MS analysis.

The LC—MS/MS system consisted of an Agilent 1290 HPLC
and a 6460 triple quadrupole mass spectrometer coupled with an
Agilent Jet Stream ESI ion source (Agilent Technologies, Santa
Clara, CA, USA). Chromatography separation was performed on a
Zorbax Eclipse Plus C18 column (50 mm x 2.1 mm, 1.8 pum,
Agilent Technologies), using a mobile phase system of water (A)
and methanol (B) both containing 0.1% formic acid (v/v). The
flow rate was 0.2 mL/min and the injection volume was 2 pL. The
gradient elution program was used as follows: 0—0.5 min, 45% B;
0.5—3 min, 45%—95% B; 3—3.5 min, 95% B; 3.5—3.7 min,
95%—45% B; 3.7—5.5 min, 45% B. Pitavastatin and IS were both
monitored in positive ESI mode, with the ion transition of
422.1 — 22.11 and 296.1 — 264.1, respectively.

2.13. Statistical data analysis

All data were presented as mean £ SD. All the graphs were
plotted by GraphPad Prism 6.0 (GraphPad Software Inc., San

Diego, CA, USA). Statistical analysis between different groups
was performed using the two-tailed #-test. The difference was
considered to be statistically significant if P < 0.05. The phar-
macokinetic parameters of pitavastatin were calculated by Win-
Nonlin software version 5.2.1 (Pharsight Corporation, Mountain
View, CA, USA) based on the non-compartmental model.

3. Results

3.1.  Gene analysis of Slcolb2 KO rats

In the genetic identification of FO generation rats, the T7E I assay and
sequence analysis were used. As shown in Fig. 1A, in the absence of
T7E I (T7E I") cleavage, the bands of 13* and 31* rats were signif-
icantly lower than the WT, and 2% 18* 29* and 36" showed obvious
two bands, indicating that there may be a deletion of longer frag-
ments. After sequencing analysis, it was confirmed that more than
100 bp base deletion occurred in the above rat genome. However,
because of the occurrence of non-effective editing in 18* and 31%, and
a replacement mutation occurred in 2% 13* 29% and 36", the above
rats were abandoned. Sequence analysis of other genomes (3#, 5#, 7#,
and etc.) revealed that 10%, 14%, 15%, 20%, 21%, 22%, and 30" contained
effective editing. But in order to simplify the future workload, we
randomly selected 10%, 15%, and 21*FO rats for subsequent experi-
ments. Part of the sequencing results are shown in the Supporting
Information Table S2.

The genomic DNA of F1 rats was sequenced and analyzed.
The healthy adult F1 male and female rats with the same mutation
were selected for mating and breeding to obtain F2 generation.
The possible genotypes of the F2 generation are WT rats, homo-
zygous KO rats, and heterozygous (HZ) rats. After specific
amplification of the F2 generation rat genomic DNA, sequencing
analysis was performed. As shown in Fig. 1B, individuals with a
homozygous deletion of 11 bp were obtained.

3.2.  Off-target analysis

Since CRISPR/Cas9 system allows one to three base mismatches
when sgRNA paired with target, it may lead to the combination of
sgRNA and non-target sequence, resulting in off-target effect.
Therefore, it is necessary to detect the off target in gene-editing
rats. As shown in Fig. 2, all the bands were single, bright and
uniform in size, indicating that the Slcolb2 KO rats did not have
off-target effects at the detected off-target sites.

3.3.  Expression of OATPIB2 in WT and KO rats liver

The expression of OATP1B2 in the liver of WT and KO rats was
checked by Western blot and immunohistochemistry, respectively.
As shown in Fig. 3A, the OATP1B2 protein was completely absent
in the liver of KO rats. In Fig. 3B, in WT rats, OATP1B2 was
highly expressed on the sinusoidal membrane of the liver (shown
in brown), while there was almost no positive result in the liver of
KO rats. These results confirmed that OATP1B2 protein was ab-
sent completely in KO rats, suggesting that the KO model was
successfully constructed.

3.4.  Detection of physiological conditions of WT and KO rats

Since some important endogenous substances, such as bilirubin
and bile acids, are substrates of OATP1B2, it is necessary to detect
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Genotype identification of offspring. (A) The mutations in FO generation were detected by T7E I digestion using PCR products

amplified from FO rat tail genomic DNA by Primer. T7E I, before T7E I digestion. T7E I, after T7E I digestion. "»", mutation band. WT, wild

type as negative control. M, DNA molecular weight marker. (B) Gene sequence near the target in WT and Slcolb2 KO rats.

sequence.

whether the physiological indexes of Slcolb2 KO rats change and
whether the rats grow and breed normally. We detected the
physiological conditions of WT and KO rats by serum analysis
and HE staining.

In addition, the Slcolb2 KO rats may be used as a disease
model of Rotor syndrome, and the main disease characteristics are
the increase of DBL and TBL in adolescents. Therefore, we
randomly selected WT and KO rats (4-week-old and 8-week-old)
to perform serum tests of liver function. As shown in Fig. 4, the
TBL, DBL and IBIL increased significantly in male KO rats at
both 4 (Fig. 4A) and 8 (Fig. 4B) weeks old compared with WT
rats. Among them, the 4-week-old rats increased 2.46-, 4.55-, and
1.63-fold, respectively. And the 8-week-old rats increased 2.18-,
5.26-, and 1.62-fold, respectively. These results indicate that
Slcolb2 KO rats can mimic Rotor syndrome with a phenotype
similar to humans. In particular, the TBA increased significantly
by 3.93- and 7.98-fold in 4- and 8-week old KO rats, respectively.
Moreover, ALB in 4-week-old and AST in 8-week-old KO rats
were showing statistically significant differences. However, these
parameters are still within the normal range of the rat, and there is
no clinical significance. Except for the above indexes, there was
no significant difference in other liver function indexes between
KO and WT rats. At the same time, as shown in Fig. 5A, there was
no significant difference in renal function indications, blood lipid
indications and glucose between KO and WT rats. Furthermore,
we also tested female rats and the results were consistent with
those of male rats (data not shown).

HE staining was performed on the liver of 4-week-old and 8-
week-old KO and WT rats to observe the morphology of hepa-
tocytes. There was no significant difference in liver morphology
between WT and KO rats at 4 weeks old (Supporting Information
Fig. S1). However, in the slices of liver tissues of 8-week-old WT
rats (Fig. 5B), the central lobular area showed a radial arrange-
ment of hepatic cords from the central vein outward, with normal
cell morphology, uniform cytoplasm and orderly arrangement. In
contrast, the structure of hepatocyte cord in the 8-week-old KO rat

.", missing

was blurred and disordered, and the hepatic sinusoids were
enlarged, suggesting slight damage to the liver, which may be
related to the long-term high content of bilirubin and bile acid.

3.5.  Compensatory expression of major transporters in WT and
KO rats

In order to detect the compensatory expression of other major
transporters in rats after Slco/b2 gene knockout, we detected the
mRNA levels of major uptake and efflux transporters by real-time
quantitative PCR. The data showed, except for the target gene
Slcolb2, there was no significant difference in mRNA levels of
other transporters (Supporting Information Fig. S2). Therefore, the
transporters detected did not compensate at the transcriptional
level in KO rats.

A M KOl KO2 KO3
T7E1 -+ -+ -+
500 bp—> == g s - -

B M KOl K02 KO3
T7E1 - 4+ = 4+ - +
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Figure 2 Off-target analysis in Slcolb2 KO rats. Three off target
sites for Slcolb2 sgRNA were selected for T7E I enzyme cleavage.
(A) Sicolb2-off target-1, (B) Slcolb2-off target-2, (C) Slcolb2-off
target-3 analysis of KO rats (n = 3). T7E 1", before T7E I digestion;
T7E 1%, after T7E I digestion. M, DNA molecular weight marker.
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Figure 3  Analysis of OATP1B2 protein expression in WT and KO rats. (A) Western blot analysis of OATP1B2 protein expression level in the
livers of WT and KO rats (n = 3). The molecular weight of OATP1B2 is about 100 kDa. The molecular weight of GAPDH (the internal reference)
is about 35 kDa. (B) Immunohistochemistry analysis of OATP1B2 protein expression in the livers of WT and KO rats. Positive results are shown

in brown (7). Scale bars, 200 um in length.

3.6.  Pharmacokinetics of pitavastatin in WT and KO rats

To further detect whether the function of OATP1B2 in KO rats is
affected, we used pitavastatin, a specific OATP1B2 substrate
recommended by FDA, to conduct pharmacokinetic experiments
in WT and KO rats by oral administration (Fig. 6). The dose of
pitavastatin (5 mg/kg) is based on clinical doses and preliminary
experiments. Compared with WT rats, the area under the
time—plasma concentration curve (AUC), both AUC(y_,4 ,, and
AUC_;,¢ of KO rats were significantly increased by 68.8%, while
the apparent volume of distribution/bioavailability (V4/F) and
clearance/bioavailability (CL/F) were significantly decreased by
39.8% and 38.5%, respectively (Table 3). Although peak time
(Tmax), peak concentration (Cy,,x) and mean residence time (MRT)
had no significant differences, they all had trends of increase. The
results showed that the pharmacokinetic behavior of pitavastatin in
KO rats was changed, especially a significant increase of in vivo
exposure. Therefore, the function of OATP1B2 was absent in KO
rats.

4. Discussion

In recent years, the studies on OATP1B1 and OATP1B3 have
become more and more popular because of their transport function
of important endogenous and exogenous substances''. The past
research mainly focused on transporter-involved drug safety
evaluation, drug resistance and disease progression’”'*?. The
in vitro and in vivo models for studying the role of OATP1B in
drug research are limited with many drawbacks. In vitro cell
models mainly include primary cells and transfected cells. How-
ever, cell culture conditions are strict and lack regulatory path-
ways, which do not reflect the real situation of complex living
organisms™***. In vivo models include organ perfusion model,
inhibitor inhibiting transporter activity and gene knockout model.
However, both the organ perfusion model and the use of inhibitors
have the disadvantages of low specificity of inhibitors and high
cost™.

Gene knockout models have attracted more and more attention
in recent years because they can better reflect the function of
transporters under physiological conditions. In 2008, Oatplb2-
null mice were engineered by homologous recombination and
their phenotype was characterized®'**. However, due to technical
limitation such as the difficulty in obtaining and culturing rat
embryonic stem cells, there has been no rat model with Slcolb2
gene knockout to date. Compared with mice, rats have many ad-
vantages in pharmacokinetic and toxicological studies, such as
large size and easy to handling, adequate blood volume and strong
tolerance. In particular, the rat model can more accurately and
comprehensively reflect the absorption, distribution, metabolism
and excretion of drugs or compounds in vivo’® . In addition,
current research on hyperbilirubinemia has found that the rats are
the preferred animal model>*?*, Therefore, Sicolb2 knockout rats
can be used as the disease model of Rotor syndrome. The early
gene knockout technology based on the principle of homologous
recombination is very difficult to generate rat models because of
the low efficiency and long experimental period. However, the
emergence of CRISPR/Cas9 technology has brought light to the
gene editing of rats>. CRISPR/Cas9 system is a new generation of
gene editing technology. Compared with the traditional homolo-
gous recombination method, CRISPR/Cas9 has many advantages,
such as easy operation, short cycle, low cost, high success rate and
no species limitation’”. Therefore, this study selected
CRISPR/Cas9 technology to successfully generate the Slcolb2
KO rat model for the first time.

Compared with WT rats, there was no expression of OATP1B2
protein in the liver of KO rats by the Western blot and immuno-
histochemistry analysis (Fig. 3). We also detected the mRNA
expression of other transporters to determine whether there were
compensatory effects by using the screening method of Q-PCR.
The results showed that the transporters detected did not
compensate at the transcriptional level in KO rats. Furthermore,
we used the OATP1B2 substrate pitavastatin to verify the change
of OATP1B2 function in vivo. The suspension of pitavastatin in
CMC-Na was used in the pharmacokinetic study via the oral
administration, which might be the cause for large deviation in
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absorption and AUC. Despite of relatively large individual devi-
ation, KO and WT rats still showed significant differences in the
pharmacokinetic parameters. The AUCy_,4 , and AUCq_;,r of KO
rats were significantly increased by both 68.8%, while the Vy/F
and CL/F were significantly decreased by 39.8% and 38.5%,
respectively (Table 3). In addition, Tpax, Cmax and MRT had
trends of increase, while #1,, was not significantly changed. In fact,
pitavastatin was uptaken into the hepatocytes by OATP1B2, and
then excreted into the bile by P-gp and BCRP in WT rat livers*.
In contrast, pitavastatin uptake in the liver of KO rats was
significantly reduced, and thus the drug molecules were more
likely to be retained in the bloodstream, resulting in a smaller
value of V4. At the same time, hepatic efflux transporters were
hardly saturated in KO rats because the hepatic pitavastatin influx
rate was significantly lower. If the hepatic clearance of pitavastatin
remained unchanged, the unchanged systemic elimination rate
constant k. resulted in similar #,, of the WT and KO rats, as well
as the lower CL/F in KO rats decided by smaller V4. Based on the
mentioned above, the Slicolb2 KO rat model was successfully
constructed because of the loss of expression and function of
Oatplb2.

In the process of developing new drugs, we can compare the
pharmacokinetic profiles of the tested compounds or specific
substrates in WT and KO rats to determine whether the drugs are
substrates, inhibitors or inducers of OATP1B2. Careful

P < 0.001 compared with WT rats.

conclusions could be further extrapolated to human OATP1B1/3,
especially OATP1B1/3-mediated drug transport and drug—drug
interactions. Compared with cell models, the results from the rat
model can provide more information about the significance of the
influx transporter on systemic exposure of the drug at an integrate
level. Although Oatp1b2 KO mice model was constructed, mRNA
levels of other transporters such as Oatpla4, Oat2 and Mrp3 were
significantly changed®”. Therefore, the Oasplb2 KO rats were a
better model to study the function of OATP1B2 than the mice
model because of no changes of other transporters. Moreover,
adverse drug reactions (ADRs) caused by inter-patient differences
in drug responsiveness affect 2%—6% of hospitalized patients,
mainly due to genetic polymorphism*'. Actually, there are 10
single nucleotide polymorphisms (SNPs) of SLCOIBI to decrease
the activity of OATP1B1, among which the most common and
influential are the ¢.512T > C and c¢.388A > G. The SLCOIB3
c.334T > G and c.699G > A SNPs decrease the transport ca-
pacity*>**. Therefore, the Slcolb2 KO rat model could be used for
pre-clinical pharmacokinetic experiments to provide some support
for personalized medication for patients with SLCOIBI and
SLCO1B3 SNPs.

On the other hand, this Slcol/b2 KO model can be used in
cancer-related research, because the OATP research has gradually
associated with drug resistance and target therapy in recent
years**. The low expression of OATP1B1 or OATP1B3 often leads
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Figure 5  Physiological phenotype in WT and KO male rats. (A) Glucose, renal function and blood lipids indexes in 8-week-old WT and KO

rats. Indicators include GLU, BUN, CR, UA, TG, T-CH, HDL-C, and LDL-C. Values are shown as mean &+ SD (n = 6). (B) HE staining for liver
sections in 8-week-old rats. The cytoplasm was stained mauve by eosin, and the cell nucleus was stained blue by hematoxylin. Scale bars, 100 pm

in length.

to the decrease of intracellular drug concentrations, which results
in drug resistance®”. In contrast, overexpression of OATP1B1 or
OATP1B3 in drug-resistant cells can reverse the resistance to a
certain extent and enhance the therapeutic effects™. In addition,
OATP1B1 and OATP1B3 are almost specifically expressed in the
liver under normal conditions, but in some tumors they are not
only expressed, but also expressed differently at different stages of
tumors™***’. These specific mechanisms are not clear yet, but it
can be used as a potential target to provide new ideas for cancer
treatment*®. Therefore, the Slcolb2 KO rat model is a powerful
experimental tool to explore the relationship between OATP1B1/3
and tumors.

The Slcolb2 KO rats are capable of not only making contri-
bution to drug evaluation®®, but also serving as a disease model.
For example, there are many causes of hyperbilirubinemia. At
present, different animal models have been established to simulate
hyperbilirubinemia, such as intraperitoneal or intravenous injec-
tion of bilirubin into neonatal rats, which results in the increase of
bilirubin content in rats; or the construction of a UDP glucur-
onosyltransferase family 1 member Al (Ugtlal) gene KO mouse
model to simulate neonatal jaundice® >'. But there is no disease
model of Rotor syndrome to date. In this study, the Slcolb2 KO rat
model presented the same pathogenesis and disease characteristics
as clinical Rotor syndrome. For example, the total bilirubin (TBL)
and direct bilirubin (DBL) in the serum of KO rats were signifi-
cantly higher than those in WT rats (Fig. 4). These results are
consistent with the symptoms caused by the absence of OATP1B1

and OATPIB3 in Rotor syndrome'”. Therefore, the Slcolb2 KO
rat model can be used as a disease model of Rotor syndrome and
hyperbilirubinemia, as well as the hyperbilirubinemia-related
diseases.

Since Rotor syndrome is a kind of jaundice in children and
adolescents, we detected the physiological indexes of liver func-
tion in serum of 4-week-old KO rats and WT rats. The results
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Figure 6  Pharmacokinetics of pitavastatin in WT and KO rats. The

concentrations of pitavastatin were determined by LC—MS/MS.
Values are presented as mean + SD (n = 6).
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Table 3  Pharmacokinetic parameters of pitavastatin after
oral administration.
Parameter Unit WT KO
tin h 2.98 £ 0.62 2.92 £ 0.43
T h 1.58 + 0.86 2.08 = 0.97
(E ng/mL  757.70 £ 316.98 1001.32 £ 335.82
AUCy—; h-ng/mL 2022.50 &+ 393.63 3414.25 £+ 1041.89"

AUCy_ins h-ng/mL 2037.19 + 368.42  3439.51 + 1051.67"
VolF mL/kg  10931.16 + 3360.51 6580.87 + 1897.02"
CL/F mL/h/kg 2539.70 & 572.91  1562.04 + 430.31°"
MRT,—, h 3.01 &+ 0.84 3.65 = 0.89

The dose was 5 mg/kg (p.o.). Results were mean = SD (n = 6).
P < 0.05, and P < 0.01 compared to WT rats.

showed that TBL, DBL, IBIL and TBA in KO rats were signifi-
cantly higher than those in WT rats. But these phenomena still
existed in 8-week-old rats. At the same time, HE staining showed
that the structure of hepatocytes was blurred, the arrangement was
disordered and the hepatic sinusoids were enlarged in the liver
tissue sections of KO rats. These results indicated that hyper-
bilirubinemia has accompanied the growth of rats. Probably due to
the long-term exposure of hyperbilirubinemia environment, liver
cells were damaged to a certain extent. The total bile acid content
in KO rats was significantly increased, because the bile acids were
the substrate for Oatp1b2°>. The loss of Oatp1b2 function resulted
in the accumulation of total bile acids in the blood. These results
suggest the long-term monitoring of hepatic function in patients
with Rotor syndrome is necessary, and the high risks of hepatocyte
lesions as well as cholestasis should be noticed.

In summary, the Slcolb2 KO rat model was successfully
constructed by CRISPR/Cas9 technology, with no off-target and
compensatory effects. This rat model can be used in pharmaco-
kinetic research. At the same time, this model presents the disease
characteristics of hyperbilirubinemia-Rotor syndrome, especially
caused by the absence of OATP1B1/3. Thus this model can also be
used as a disease model to study hyperbilirubinemia-related
diseases.
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